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Abstract. We report the dependence of thermal conductivity, thermoelectric power and electrical 
resistivity on temperature for a bulk, large grain melt-processed Y-Ba-Cu-O (YBCO) high temperature 
superconductor (HTS) containing two grains separated by a well-defined grain boundary. Transport 
measurements at temperatures between 10 K and 300 K were carried out both within one single grain 
(intra-granular properties) and across the grain boundary (inter-granular properties). The influence of 
an applied external magnetic field of up to 8 T on the measured sample properties was also 
investigated. The presence of the grain boundary is found to affect strongly the electrical resistivity of 
the melt processed bulk sample, but has almost no effect on its thermoelectric power and thermal 
conductivity, within experimental error. The results of this study provide direct evidence that the heat 
flow in multi-granular melt-processed YBCO bulk samples should be virtually unaffected by the 
presence of grain boundaries in the material.  
 
1. Introduction 
Due to their ability to trap large magnetic flux densities [1-3], bulk melt-processed Y-Ba-Cu-O (YBCO) high 
temperature superconductors (HTS) have a significant potential for a variety of permanent magnet 
engineering applications such as superconducting rotating machines, flywheel energy storage devices and 
magnetic bearings [4-8]. The microstructure of melt-processed YBCO bulk monoliths consists generally of 
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regions of large macroscopic grains, called single domains, separated typically by grain (or domain) 
boundaries [9]. These natural grain boundaries, which can form during the grain growth of the bulk sample, 
are often characterized by a high misorientation angle (>10 degrees) [10]. As a result, they are usually 
characterized by an inter-granular critical current density, Jc, which is typically much smaller than the intra-
granular Jc [11,12]. The presence of grain boundaries has a profound potential impact on the 
superconducting current flow and magnetic field trapping ability of the material [13-15]. Another parameter 
affecting the magnetic field trapped by the sample is the generation and propagation of heat that may arise 
due to the losses caused by large (dB/dt) inherent to the magnetization process [16,17]. Several studies have 
been undertaken by various groups in order to characterize and predict the temperature increase in bulk 
superconductors subjected to variable magnetic fields, including AC fields [18-23] or pulsed fields [24-26]. 
Such investigations, however, require a precise knowledge of the thermal properties of the HTS sample, and, 
in particular, the thermal conductivity κ as a function of temperature. Although the thermal properties of bulk 
HTS are relatively well documented in the literature, both for single grain (i.e. containing no grain boundary) 
[27-31] and polycrystalline materials (i.e. containing a large number of grains and boundaries) [32-34], to 
our knowledge no attempt has been made to date to characterize the thermal transport properties across one 
single grain boundary in bulk, melt-processed YBCO. Such an investigation is the subject of this paper.   
The purpose of the present work is to compare the electrical resistivity and thermal transport properties 
(specifically thermal conductivity and thermoelectric power) measured within a single domain of bulk melt-
processed YBCO material and to compare the results with the same parameters measured across a single, 
well-definite grain boundary separating two large bulk grains.  
2. Experiment 
2.1. Sample preparation and microstructure  
 
A bulk, melt-processed large grain YBCO superconductor, consisting of a superconducting YBa2Cu3O7-δ (Y-
123) matrix containing discrete Y2BaCuO5 (Y-211) inclusions, was fabricated by a conventional top seeded 
melt growth (TSMG) technique, as described in Refs. [35-36]. The material is characterized by a critical 
temperature Tc ~ 91.6 K, which was determined by an AC magnetic measurement [37]. In order to 
investigate the role played by grain boundaries, this study focuses specifically on an YBCO bulk melt-
processed sample where the nucleation of secondary grains occurred and “natural” grain boundaries formed 
during the growth process. The microstructure of the melt-processed sample consists usually of grains with 
ab planes parallel to the top surface of the pellet and grains with the ab plane oriented at a high angle to the 
sample surface, resulting in the formation of high-angle grain boundaries [38,39]. In the present study, a 
long, bar-shaped sample (2.45 × 2.60 × 17.05 mm3) was cut from the initial melt-processed sample using a 
wire saw. The resulting specimen contained two large grains separated by a well-defined grain boundary, as 
shown schematically in Figs 1(a) and 1(b). The grain boundary could be observed clearly using optical 
microscopy with polarized light (Olympus AH3-UMA) at the top surface of the pellet, as shown in Fig. 1(c). 
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Different micro- and macro-cracks, parallel to each other, are clearly visible in the grain on the left, whereas 
the grain on the right is almost featureless. The macro-cracks are likely to develop along the easy-to-cleave 
ab planes (i.e. parallel to the platelet boundaries) and form during the oxygen annealing process [40]. The 
fact that such cracks cross the plane of observation for the left-hand grain only suggest that the ab planes of 
this grain are twisted with respect to the surface, thereby giving rise to a grain boundary with high-angle 
misorientation.  
 
Further information about the structure the grain boundary and adjacent grains can be derived from the 
optical polarized light micrograph shown in figure 2(a). The different colour-contrast of the grains results 
from different crystallographic directions. The Y-211 particles are distributed uniformly in both grains and 
have an average size of 2-3 µm (with some exceptions, e.g. the “shell-shaped” particle labeled “1” near the 
top left corner of the figure). The boundary between the grains appears to be straight and thin; its “thickness” 
cannot be distinguished within the resolution of the micrograph. We could not observe any particular 
segregation of Y-211 near the grain boundary, or the formation of a Y-211-free zone, as is the case in 
artificially prepared [001]-tilt boundaries [41]. Interestingly, some Y-211 particles appear to be located across 
the boundary plane (e.g. the oblong particle labeled “2”). In addition, no segregated liquid phase was 
apparent at the boundary, as is often observed in poorly connected boundaries or in polycrystalline samples 
[42]. Further investigations were carried out using scanning electron microscopy (Philips XL30 FEG-
ESEM). A SEM micrograph of the same zone as Fig. 2(a) is shown in Fig. 2(b). The two Y-211 particles 
labeled “1” and “2” are a reference for the comparison of both micrographs. Remarkably, the boundary 
position is very difficult to locate accurately by SEM. The line delimited by two white arrows corresponds to 
the boundary position as extrapolated from the optical micrograph. The micrograph gives further evidence 
that joint between the two grains, despite their misorientation, is particularly clean and that no obvious 
modification of Y-211 size or distribution can be observed in the vicinity of the boundary. 
 
2.2. Electrical and thermal measurements  
Both electrical and thermal transport measurements were carried out with a Quantum Design Physical 
Property Measurement System (PPMS) using the AC Transport Option for electrical resistivity and the 
Thermal Transport Option (TTO) for thermal conductivity and thermoelectric power, respectively. A 
conventional 4-point measurement technique was used for the electrical resistivity measurements, with 
ohmic contacts made using silver paste. This involved placing voltage contacts both within one grain and 
across the well-defined grain boundary, as shown schematically Fig. 1(a). Silver epoxy resin was used to 
attach copper leads to the sample for measurement of thermoelectric power and thermal conductivity. A 
constant amount of heat was injected into the sample using a heater attached to the top contact (the “heater 
shoe”), and lateral contacts were used to probe simultaneously the voltage difference (for thermoelectric 
power) or the temperature difference (for thermal conductivity) using Cernox sensors screwed to the lateral 
copper leads. As was the case for the resistivity measurements, lateral contacts were placed within the grain 
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and across the grain boundary. The bottom contact of the sample was screwed to the bottom puck of the TTO 
(the “cold foot”). A thermal radiation screen was anchored thermally to this sample to provide a thermal sink. 
All measurements were performed in zero applied magnetic field or under an external DC magnetic field of 
up to 8 T. The orientation of the superconductor on the sample holder was such that the field was 
perpendicular to the long axis of the sample for the resistivity measurements and parallel for the thermal 
measurements. Data were recorded for several temperatures between 300 K and 10 K, using a small, constant 
sweep rate of –0.1 K/min.  
The determination of thermal conductivity and electrical resistivity requires knowledge of the geometric 
parameters of the sample, with the most significant source of uncertainty arising from the distance between 
the contacts due to their finite size (attached using either silver paste or epoxy resin). The relative uncertainty 
is the largest for small inter-contact distances, as is the case for the intra-grain contacts (see Fig. 1): in the 
present case we estimate the geometrical uncertainty for intra-granular and inter-granular measurements to 
be 12 % and 8 %, respectively. Since the Seebeck coefficient S is given simply by the ratio of the voltage 
difference to the temperature difference between the contacts, its measurement is almost not affected by such 
geometric errors, provided that (i) the same pair of contacts is used for simultaneous voltage and temperature 
measurement – which was the case in our experiment – and that (ii) the location of the equivalent thermal 
contact is the same as for the electrical contact. Although this latter hypothesis would be extremely difficult 
to prove, we believe it can be reasonably assumed.  
A possible significant source of error in the thermal measurements arises from radiation losses between the 
sample and its environment. These losses are eliminated if the temperature of the magnetic screen is equal to 
that of the sample. However, this condition is never met since the superconductor exhibits a thermal gradient 
and the screen of the TTO is anchored thermally to only one side (the cold foot). The consequences for 
thermal conductivity measurements using the TTO were analyzed recently and discussed in detail by Sebek 
et al. [43]. The resulting error is shown to be most significant at the highest temperatures (~ 300 K), with the 
relevant corrections identified by the authors being negligible below temperatures of around 150 K. Note that 
the thermal transport option of the PPMS allows an optional numerical correction for radiation losses to be 
made, depending on sample emissivity, geometry, average temperature and temperature gradient. In addition, 
the magnitude of the correction decreases with decreasing temperature: for the present measurements, the 
correction would be 7 % of the total thermal conductivity at 300 K and less than 2 % below 200 K. This 
numerical correction was not applied to the present data since it is approximate and much smaller than the 
geometrical error of the measurement. The thermal property data obtained by this process was compared 
with that obtained by another more sensitive experimental arrangement using a stationary heat flux technique 
[44-46]. This involved surrounding the sample with concentric thermal shields, with the temperature of inner 
shield monitored by a Constantan-Manganin thermocouple and adjusted to approximately the temperature of 
the sample holder [44], thereby minimizing the effects of radiation. Measurements in this system, however, 
could only be performed in zero magnetic field. 
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3. Results  
 
3.1. Electrical resistivity 
 
Figure 3 compares the electrical resistivity measured both within a YBCO grain (ρ || ab-plane: intra-grain) 
and across a natural grain boundary (inter-grain). Both superconducting transitions are very sharp (ΔT < 1 K) 
in zero applied magnetic field (Fig. 3(a)), and exhibit a critical temperature of 91.5 K. These features are 
characteristic of high quality and well-oxygenated melt-processed YBCO material. The inset of Fig. 3(a), 
shows that both intra-grain and inter-grain ρ(T) curves display a quasi-linear behaviour in the normal state. 
However, the normal-state resistivity measured across the boundary is approximately twice that in the grain. 
The effect of applied DC magnetic fields of up to 8 T (|| c-axis) is shown in Figs 3(b) and 3(c). The ρ(T) 
transitions measured within the grain and across the grain boundary are both broadened, shifted to lower 
temperatures and are clearly distinct. The intra-grain curves (Fig. 3(b)) do not exhibit any points of 
inflection, whereas the inter-granular data (Fig. 3(c)) display a decrease at Tc followed by a ‘foot-like’ 
structure at the bottom of the transition. This feature is a clear signature of the presence of a grain boundary: 
the initial decrease in ρ(T) arises from the superconducting transition of both grains adjacent to the boundary 
and the foot is a characteristic of the boundary itself [11].  
 
 
3.2. Thermal conductivity 
 
Figure 4 compares the temperature dependence of the thermal conductivity κ(T) measured both within a 
YBCO grain (κ || ab-plane) and across the grain boundary. It is well known that thermal conductivity 
measurements are susceptible to thermal radiation loss effects [43,46]. As a result, experiments were carried 
out using two different experimental arrangements: the Physical Property Measurement System with thermal 
transport option (system 1), allowing κ(T) to be measured under DC magnetic fields up to 8 T, and a bespoke 
measurement system with minimal thermal radiation losses but only for zero applied external magnetic field 
(system 2).  
 
The thermal property data shown in Fig. 4(a) were measured in zero magnetic field. We first compare the 
measurements obtained with the TTO device (circles) with those obtained using the home-made system 
(squares). Fig. 4(a) shows a small quantitative disagreement between the two sets of data, with the intra-and 
inter-granular data differing by ~ 10 % and ~ 6 %, respectively. It should be emphasized these relative 
differences are within the error associated with the geometric uncertainty of the voltage contacts (12 % and 8 
%, respectively). Apart from these differences, all the curves display very similar qualitative features. The 
shape and the order of magnitude of thermal conductivity is similar to those reported for high quality YBCO 
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single crystals [47,48] or melt-processed single grains [28-30]. Fig. 4(a) shows clearly that a break in slope 
occurs at the critical temperature Tc determined by resistivity data (cf. Fig. 3), as indicated by the arrow. The 
thermal conductivity data exhibits a well-defined peak at T ~ 50 K, and the slope of the curve, dκ(T)/dT, is 
negative above Tc. When comparing the intra-granular and inter-granular data, both systems reveal that the 
thermal conductivity measured across the grain boundary (white) is somewhat smaller than that measured 
within the grain. The relative difference, however, is of the order of the measurement uncertainty.  
 
Figures 4(b) and 4(c) show how the thermal conductivity κ varies when a magnetic field of 8 T is applied 
parallel to the direction of the flow of heat. It can be seen that the magnetic field has very little influence on 
κ. The perceptible (and reproducible) differences observed both in Figs 4(b) and 4(c) are not artefacts of the 
measurement process since the geometrical error is expected to be the same at 0 and 8 T. In both cases, the 
thermal conductivity under an applied field is smaller than that in zero applied field.   
 
3.3. Thermoelectric power 
 
The temperature dependence of the thermoelectric power (Seebeck coefficient S), measured both within a 
grain (|| ab-plane) and across a grain boundary, is shown in Fig. 5. We first describe the intra-granular data in 
the absence of applied magnetic field (black circles, Fig. 5(a)). The thermoelectric power is negative above 
the superconducting transition temperature and is weakly temperature dependent, and the values of S at 
100 K and 300 K (not shown in Fig. 4) are –3.25 µV/K and –3.38 µV/K, respectively. A sharp transition 
towards the superconducting state (S ~ 0) is observed at T = 91 K when the temperature is decreased. The 
superconducting transition is preceded by a negative peak (S = –4.42 µV/K) occurring at T = 92.7 K. The 
origin of this peak is discussed below. The measured behaviour across the grain boundary (white symbols) is 
very similar to that of the grain but with slightly shifted transition and peak temperatures. The 
superconducting transition temperatures shift to lower temperatures and broaden significantly when a DC 
magnetic field of up to 8 T is applied to the sample (Figs 5(b) and 5(c)), whereas the amplitude of the peak 
decreases significantly. The peak is still observable at 5 T for the intra-grain data (Fig. 5(b)), but degenerates 
into a small “bump” at 8 T. The thermoelectric power does not exhibit any peak at 5 T and above across the 
grain boundary (Fig. 5(c)). 
 
The inset of Fig. 5(c) shows the inter-granular thermoelectric power across the grain boundary, measured 
with heat power reduced by 90 %, at the limit of the signal/noise ratio of the experimental system. This 
results in a lower signal to noise ratio and the disappearance of the negative peak mentioned above. This 
result provides evidence that, in the present case, the peak appearing in the thermoelectric power above Tc is 
related directly to the experimental measurement conditions. A discussion about the origin of this peak can 
be found in the next section. 
 




In this section we address the influence of the grain boundary in bulk melt-processed YBCO on the electrical 
and thermal transport properties, with initial focus on electrical resistivity. It is apparent from Fig. 2 that the 
presence of a single grain boundary has a profound effect on the electrical transport properties of the sample 
under an applied external magnetic field : the grain resistive transition is sharp without any intermediate step, 
whereas the grain boundary transition decreases sharply at Tc before leveling off to form a distinct shoulder 
structure for T < Tc. This feature is common to most grain boundaries in high temperature superconductors 
(see [49] for a review) and underlines the fact that the intergranular Jc is smaller than the intragranular Jc and 
decreases with the misorientation angle, as shown in previous studies on thin film boundaries deposited on 
bicrystal substrates [e.g. 50,51] or in artificial boundaries obtained on flux grown bicrystals obtained by 
multi-seeding [41,52-57]. It should be emphasized that the striking difference in the resistivity within a grain 
and across the grain boundary confirms, a posteriori, that no grain boundaries are present in the former, an 
that it is indeed a single grain. We note also that the small value of normal-state resistivity at 120 K is 
1.5 µΩm for the melt-processed grain. This value is 3-4 times higher than the normal-state resistivity 
measured in twin-free YBCO single crystals at the same temperature [58] but it is characteristic of high 
quality melt-processed material [11,59,60]. The normal-state resistivity measured across the boundary is 
3.1 µΩm, which is approximately ten times lower than the values obtained for polycrystalline YBCO [33]. 
 
We now consider the thermal conductivity κ of the sample (Fig. 4). It has been established by comparing 
thermal transport data measured using two different experimental arrangements that the value of κ  is 
essentially unaffected by the presence of the grain boundary, within experimental error. It is of interest to 
estimate the temperature dependence of the electronic thermal conductivity κe(T) above the critical 
temperature by assuming the validity of the Wiedemann-Franz law [48], i.e. κe(T) = L0 T/ ρ(T), where L0 
represents the Lorenz number (L0 = 2.44 × 10-8 W Ω K-2). The approximately linear behaviour of ρ(T) above 
Tc corresponds to a temperature-independent electronic thermal conductivity κe of 1.91 W/m K and 
0.95 W/m K for the grain and across the grain boundary. At 100 K, these electronic contributions correspond 
to ~ 16 % and 9% of the total thermal conductivity, respectively. It should be noted that the predicted 
difference of ~ 1 W/m K between the electronic contributions to κ in both cases is in agreement with the 
small difference measured in the experimental data (cf. Fig. 3). This small difference could therefore be 
caused by the reduced contribution of the electronic thermal conductivity across the boundary. This 
interpretation requires further investigation, however, since this is within the experimental error of the 
experiment. It can be observed further that the amplitude of the peak in the thermal conductivity (16 W/m K) 
is rather high. Experimentally, the value of this peak is usually related to the normal-state electrical 
resistivity : materials that exhibit a relatively high normal state resistivity, such as polycrystals, being 
characterized typically by relatively small values of κ [27, 34] while low resistivity materials exhibit a 
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significant peak in κ (for example, see ref. [47]). The negative slope of κ(T) above Tc is in agreement with 
the comprehensive results obtained by Fujishiro et al. on various melt-processed (RE)BCO superconductors 
for which it was found that the sign of dκ(T)/dT varies with type of rare-earth ion in (RE)BCO bulk 
superconductors, and is negative for RE = Y, Gd and  positive for RE = Sm, Nd) [30].  
 
We observe that the magnetic field up to 8 T has relatively little effect on the thermal conductivity of melt-
processed YBa2Cu3O7-δ. Several theories have been developed to explain the influence of magnetic field on 
the thermal conductivity, including the effect of the d-wave parameter in HTS [61]. In the present case, the 
small influence of the magnetic field on the measured data is likely to be caused by (i) the small contribution 
from electronic thermal conductivity (as discussed above) and (ii) the orientation of the applied field, i.e. 
parallel to the thermal gradient in the present experimental arrangement. Here, the vortices do not 
significantly impede the flow of heat and the scattering of phonons by vortex cores is expected to be small 
[29]. This feature is in agreement with results obtained on Sm-based melt-processed superconductors under 
similar experimental conditions [29]. We note also that, unlike the resistivity data, the application of a 
magnetic field does not produce a distinct dfference in the behaviour of the thermal properties between the 
grain and grain boundary. 
 
Finally, we discuss the behaviour of the thermoelectric power. Several authors have reported that the room 
temperature value of the thermoelectric power of YBCO depends empirically on the hole concentration and 
on the oxygen deficiency δ [62,63]. In the present study, the small and negative room temperature 
thermoelectric power (for both intra-granular and inter-granular measurements) is indicative of a fully 
oxygenated melt-processed bulk material, since negative values of thermoelectric powers are usually 
observed in the range 0 < δ < 0.05 [62]. We note that this behaviour is observed both within individual grains 
and across the grain boundary. The similarity between the superconducting transitions in the ρ(T) data 
measured within the grain and across the grain boundary in zero applied magnetic field (Fig. 3(a)), suggests 
that oxygen depletion at the grain boundary is small (if any), and this correlates well with the observed 
strong electrical connectivity between the grains within the resolution of the experiment. We note that the 
behaviour of the thermoelectric power across the grain boundary is very similar to that measured within the 
grain, despite a small difference in transition temperatures, which provides direct experimental evidence that 
the thermoelectric power is not affected significantly by grain boundary scattering effects. Such a result 
agrees well with those obtained by Carrington et al. on polycrystalline YBCO annealed under different 
conditions [33]. 
 
A remarkable feature of the experimental data shown in Fig. 5 is the appearance of a significant (negative) 
peak just above the superconducting transition temperature. This peak is suppressed progressively under 
increasing applied magnetic field. Such an anomalous peak has been observed previously in measurements 
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of the thermoelectric power and has been explained by superconducting fluctuation effects [64], vortex 
lattice melting [65] or anisotropy of the thermoelectric power along the a and b directions in the ab plane of 
the lattice [66]. Extrinsic origins of this peak are either artefacts caused by AC measurement techniques [67, 
68] or the existence of small inhomogeneities in Tc in the YBa2Cu3O7-δ superconducting matrix [69, 70]. In 
the present case, the peak is likely to arise from the magnitude of the thermal gradient used in the 
measurement, which is larger than the width of superconducting transition (< 0.7 K). This is supported by the 
fact that the peak almost disappears when, either (i) a magnetic field is applied and the transition is 
broadened (Fig. 4(b)), or (ii) a much smaller thermal gradient is used (Fig. 5(c)). The disappearance of the 
peak for both intra-granular and inter-granular transitions also provides clear evidence that this is not an 




We have measured the electrical and thermal transport properties (thermal conductivity and thermoelectric 
power) in large grain, bulk melt-processed YBCO, both within a single grain and across two grains separated 
by a well-defined grain boundary. Both resistivity and thermoelectric power measurements indicate a fully 
oxygenated bulk sample and good connectivity between the two grains. The resistive superconducting 
transitions are shifted to lower temperatures under applied magnetic fields of a few teslas, and a significant 
difference in the electrical resistance of the intra-granular and inter-granular measurements appears, whereas 
the thermal properties within the grain and across the boundary are virtually unaffected by the application of 
an external magnetic field, at least within experimental error. It can be concluded from the present study that 
the single grain boundary has a profound impact on the electrical properties of multi-grain YBCO samples, 
whereas it affects thermal conductivity and thermo-power only very weakly. Such a result gives direct 
experimental evidence that the presence of one isolated grain boundary in a bulk melt-processed YBCO 
sample has almost no influence on the flow of heat in the ab- plane. As a result, thermal data measured on 
single grain material can, to good approximation, be used to model and predict the thermal properties of 
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Figure 1. (a) Schematic diagram of the sample prepared for electrical resistivity measurements: the current is 
injected from I+ to I- and voltage wires are attached by silver paste. The cross section of the sample is 2.45 
mm × 2.60 mm.  The magnetic field (applied parallel to c-axis) is perpendicular to the current. (b) Schematic 
diagram of the sample prepared for thermal measurements (thermal conductivity and Seebeck coefficient): 
the heat flux is injected from Q+ (heater shoe) to Q- (cold foot). Temperature sensors are attached to the 
sample using silver epoxy resin. The magnetic field (parallel to ab plane) is applied parallel to the direct of 
heat flow. (c) Optical polarized light micrograph of the top surface of the melt-textured sample showing the 
















Figure 2. (a) Polarized light optical micrograph of a zone around the grain boundary studied in the melt-
textured YBCO sample (b) SEM micrograph of the same zone. The two pairs of parallel lines are micro-
scratches that remain after the polishing process. The two arrows show the location of the grain boundary. 
The numbers 1 and 2 refer to particular Y-211 particles, as discussed in the text. 
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Figure 3. (a) Comparison of the electrical resistivity (logarithmic scale) measured within a YBCO grain and 
across a grain boundary in zero applied magnetic field. The inset shows the same data plotted using a linear 
scale for resistivity. (b) Temperature dependence of (b) the intra-granular resistivity and (c) the inter-granular 
resistivity under DC magnetic fields up to 8 T. 
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Figure 4. (a) Comparison of the thermal conductivity measured within a YBCO grain and across a grain 
boundary in zero applied magnetic field, measured using two different experimental arrangements: a 
Physical Property Measurement System with Thermal Transport Option [TTO] (system 1) and a home-made 
high-sensitivity system with 3 thermal radiation screens (system 2) (b) Intra-granular thermal conductivity 
and (c) inter-granular thermal conductivity at 0 and 8 T. 
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Figure 5. (a) Comparison of the thermoelectric power (Seebeck coefficient) measured within a YBCO grain 
and across a grain boundary in zero field (b) Intra-granular thermoelectric power and (c) Inter-granular 
thermoelectric power for several magnetic fields. The inset shows the same data measured with 10% of the 
heater power. 
